Abstract. Ovarian cancer is the fifth leading cause of cancer death in women, in part because of the limited knowledge about early stage disease. We develop a novel rat model of ovarian cancer and perform a pilot study to examine the harvested ovaries with complementary optical imaging modalities. Rats are exposed to repeated daily dosing ͑20 days͒ with 4-vinylcyclohexene diepoxide ͑VCD͒ to cause early ovarian failure ͑model for postmenopause͒, and ovaries are directly exposed to 7,12-dimethylbenz͑a͒anthracene ͑DMBA͒ to cause abnormal ovarian proliferation and neoplasia. Harvested ovaries are examined with optical coherence tomography ͑OCT͒ and light-induced fluorescence ͑LIF͒ at one, three, and five months post-DMBA treatment. VCD causes complete ovarian follicle depletion within 8 months after onset of dosing. DMBA induces abnormal size, cysts, and neoplastic changes. OCT successfully visualizes normal and abnormal structures ͑e.g., cysts, bursa, follicular remnant degeneration͒ and the LIF spectra show statistically significant changes in the ratio of average emission intensity at 390:450 nm between VCD-treated ovaries and both normal cycling and neoplastic DMBA-treated ovaries. Overall, this pilot study demonstrates the feasibility of both the novel animal model for ovarian cancer and the ability of optical imaging techniques to visualize ovarian function and health.
Introduction

Clinical Problem
Ovarian cancer has a low prevalence, with approximately 25,000 new cases in 2004, but it is the fifth leading cause of death from cancer in women in the United States ͑more than 16,000 in 2004͒. 1 Ovarian cancer in its early stages may lack definite symptoms, and most ovarian cancer is detected in stage 3 or 4 ͑70%͒. The high prevalence of late-stage disease, the high rate of recurrence after initial treatment, and the development of resistance to chemotherapy are the major factors that give ovarian cancer such a dismal prognosis. Epithelial ovarian cancer occurs most commonly in postmenopausal women 2 and is thought to arise from the surface epithelium or from the epithelium lining the inclusion cysts. Hereditary ovarian cancers comprise at least 10% of ovarian cancer and include women with a BRCA 1 or 2 mutation who may have up to a 50% lifetime risk of ovarian cancer, and women with a strong family history of breast cancer ͑particularly premenopausal breast cancer͒, but who do not carry an identifiable mutation. 3, 4 Little is known about the precursor lesions or early stage ovarian cancer partially due to the paucity of human samples available at the early stages of disease and the lack of wellcharacterized animal models. However, evidence points to a precursor lesion for ovarian cancer similar to other epithelial cancers. Small collections of malignant cells contiguous with normal ovarian epithelium that do not involve underlying tissues are suggestive of an intraepithelial neoplasia and can be found in: 1. ovaries removed from women who eventually develop primary peritoneal carcinomatosis; 5 2. high risk women who undergo prophylactic oophorectomy, 6 particu-larly those with the BRCA1 mutations; 7,8 and 3 . in areas adjacent to stage 1 cancers that show a transition from malignant to normal epithelium. 9, 10 Currently the only option for high risk women is prophylactic oophorectomy, which induces premature menopause. The risks of hormone replacement may be elevated for this population. Thus, high risk women who desire to avoid or delay oophorectomy would greatly benefit from a diagnostic test that could assess the ovarian epithelium and assess the presence of a premalignant lesion.
Animal Models
To effectively study the progression of disease, an accurate and well-characterized animal model is essential. Current ovarian cancer models include spontaneous ovarian tumorigenesis animals ͑hens in intensive egg laying conditions͒, xenograft ͑both intrabursal and intraperitoneal͒, and direct ovarian exposure to known carcinogens. 11 Malignant epithelial-based tumors can be induced with a 10 to 50% incidence in the rat ovary by placing a 7,12-dimethylbenz͑a͒anthracene ͑DMBA͒-coated suture through the ovary. [12] [13] [14] [15] Nishida et al. administered 2.1 g of DMBA via a suture through the ovary in rats. The animals were sacrificed between 5 to 9 months, depending on when the tumors distended the abdominal wall. 50% of these animals developed carcinomas, most of which were epithelial based. 12 All the studies to date have been performed on young, reproductive animals because unlike humans, female rodents do not undergo natural ovarian senescence until shortly before death.
The structure and function of the ovary varies dramatically through the stages of life: prepubertal, reproductive, and postreproductive. Until recently there has not been a laboratory animal in which gradual ovarian senescence could be induced, although such an animal would be ideal due to the higher incidence of ovarian cancer in postmenopausal women. A model has been developed by one of the authors in which the normal atresia of ovarian follicles in mice was accelerated by administering 160 kg/ mg of the occupational chemical 4-vinylcyclohexene diepoxide ͑VCD͒ daily for 15 days. 16, 17 In this model, VCD selectively destroys small primordial and primary ovarian follicles. Subsequently, larger, more developed follicles are lost, as there is no longer a sufficient supply of preantral follicles to support development for ovulation. The result is a gradual onset of ovarian failure ͑model for perimenopause͒. Whereas this model has been well characterized in mice, mechanistic studies in rats using lower doses of VCD also have demonstrated selective targeting of primordial and primary follicles, 18 with ovarian failure produced in rats dosed with 80 mg/ kg for 30 days. 19 At this low dose, irregular cycles were observed but ovarian failure did not occur until one year after the onset of dosing.
Changes in hormone levels in the VCD-treated rodent model are similar to those in women undergoing menopause. As ovarian function becomes compromised, circulating follicle stimulating hormone ͑FSH͒ levels increase as the follicles degrade and the estrogen and progesterone levels decrease. 19 While the rat has a tendency to ovulate multiple eggs per cycle and has a protective covering on the ovary ͑the bursa͒, especially once follicle deplete, the ovarian structure is similar to that of women. Given this hormonal and anatomical similarity, together with ease of handling and ovaries large enough to manipulate and image, the rat is an excellent animal for our studies. One goal of the present study was to develop a follicle deplete rat model and induce ovarian cancer with DMBA to aid comprehensive studies of postmenopausal ovarian cancer.
Current Ovarian Imaging Techniques and Limitations
Current minimally invasive methods for detecting ovarian cancer include pelvic examination, transvaginal ultrasound, and a blood test for tumor marker CA125, but each test has limitations. The pelvic examinations do not detect ovarian cancer in its early stages because of the small size and deep location of the ovaries. One study found only 30% sensitivity in women with known pelvic masses using pelvic exam.
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Screening ultrasound also has poor performance. An analysis of five studies showed screening ultrasound to have a specificity of 95% but only a 3.1% positive predictive value. 21 Elevated levels of the ovarian protein CA125 are often an indication of ovarian cancer, but increased levels of this factor are also associated with pregnancy, liver disease, and endometriosis. The glycol-protein is elevated in 50% or less of stage 1 epithelial cancers. The National Institutes of Health ͑NIH͒ 1994 consensus stated that there is no single acceptable screening test for ovarian cancer and no evidence that combining the available screening test, CA125, transvaginal ultrasound, and pelvic exam has an acceptable sensitivity and specificity. 22 
Optical Modalities
Optical imaging modalities have high resolution, are relatively simple and low cost, and are sensitive to both structure and function. They have been used with success to image human and animal model epithelial precancers, for example in the colon [23] [24] [25] and oral cavity. 26, 27 Few studies have been performed on the ovary, and none to our knowledge on the rat ovary. Therefore, the second goal of this study was to investigate the utility of two optical modalities, optical coherence tomography ͑OCT͒ and light-induced fluorescence ͑LIF͒, to characterize the microstructure and biochemical composition of the rat ovary.
OCT is a high resolution, cross sectional imaging modality analogous to ultrasound. It uses a low coherence near-infrared light source to obtain depth-resolved images of tissue microstructure. Even in highly scattering tissues, structures up to 2 mm deep can be imaged. 28, 29 OCT imaging is acceptable for gynecological applications because it is fiber based, allowing for measurements to be performed laparoscopically. The feasibility of imaging ex-vivo human ovary samples has been reported by two other groups. [30] [31] [32] In a pilot study, we showed that OCT is sensitive to normal human ovarian structures ͑e.g., epithelium, follicles͒ and that diseases such as cancer and endometriosis have a distinct appearance that correlates well with corresponding histology images. OCT distinguished cancer by identifying a superficial mass on the ovarian surface as well as by identifying irregular hypointense areas of necrotic tissue. 33 In light-induced fluorescence ͑LIF͒, the tissue is illuminated with short wavelength light and the light emitted by fluorophores provides clues to the samples' biochemical composition. The main intrinsic fluorophores in ovarian tissue are elastin, collagen, tryptophan, flavin adenine dinucleotide ͑FAD͒, and nicotinamide adenine dinucleotide ͑NADH͒. Different fluorophores are characterized by distinct absorption and emission spectra. For a fixed excitation wavelength, the fluorescence emission as a function of wavelength can be used to estimate the concentration of these fluorophores. 34 Gynecological cancers have been investigated with fluorescence spectroscopy in human tissue using both autofluorescence and exogenous fluorophores. 33, 35, 36 Ex-vivo studies have shown significant differences between the emission spectra of normal and cancerous ovaries 33, 35 and in one study, 33 high risk ovaries as well. Fluorescence spectroscopy of human ovarian tissue has been examined in vivo using 340-nm excitation, and has shown promise in the early detection of cancer. 36 In-vivo LIF of the ovaries of Rhesus macaques administered the potential chemopreventative agents fenretinide ͑4HPR͒ and/or oral contraceptives showed decreased fluorescence compared to controls at 340-nm excitation/450-nm emission, which is associated with a decrease in NADH. 37 Because optical coherence and LIF systems measure distinct characteristics of tissue ͑structural and biochemical, respectively͒, a combined system may increase the sensitivity and specificity to disease, compared to each modality used alone. 23, 38 For example, one study showed that by combining OCT and LIF data, tumor boundaries could be accurately detected in the cervix and vulva, and the number of false positives was reduced from that determined by each modality independently. 38 
Justification for Invasive Measurement of the Ovary
The use of optical techniques to image the ovary requires an invasive procedure. Optical access to the ovary is a major concern for this work in rats, as well as for potential translational relevance to women. In the rat, the right ovary is readily accessed through a small ͑1 to 2 cm͒ incision in the flank, and access at multiple timepoints is possible with minimum morbidity. In women, invasive access for screening purposes in the general population is unacceptable. However, two potential possibilities exist for the use of optical techniques to evaluate the ovary. The first is during laparoscopic surgery, when the decision is made whether or not to perform an oophorectomy. In this case, an invasive procedure is already being performed and the optical probes could be used in the instrument channel of the laparoscope. The second case is in high risk women who chose to undergo surveillance rather than prophylactic oophorectomy. Vaginal access to the ovary, such as is used for egg harvesting procedures, could provide an acceptable and less invasive mode of access for optical surveillance.
Materials and Methods
Development of a Follicle Deplete Animal
Female Fisher 344 rats ͑day 28, n =27, Harlan Sprague Dawley͒ were dosed daily for 20 days with VCD ͑160 mg/ kg i.p.͒. Beginning on day 65 from the start of the VCD injections, estrous cycles of the animals were monitored by daily vaginal cytology. The vaginal swabs were taken using 0.9% saline solution and a standard pauster pipette. The estrous cycles became irregular and lengthened in the period preceding follicle depletion due to the VCD injections. In the rat, the number of days in estrus increases with impending ovarian failure. Therefore, more than 5 consecutive days of estrus and cycles longer than 15 days were considered to be irregular. On day 102 after the onset of VCD dosing, two animals showing the most irregular estrous cycles were euthanized. The ovaries were removed and processed with standard paraffin embedding and hematoxylin and eosin staining. Remaining follicles were counted by looking at 5-m-thick sections taken 125 m apart.
Administration of 7,12-Dimethylbenz͑a͒anthracene
Animals were surgically administered DMBA once they began to cycle erratically. DMBA sutures were fabricated using a supersaturated solution of acetone and DMBA. Sterile sutures were placed in the DMBA solution, and removed once crystals had formed. The sutures were kept in a clean environment until the time of surgery. At this time, the animals were anesthetized with Avertin ͑1 mL/ 100 g͒. The upper right flank of each animal was shaved and used as an entry point to the right ovary, which offers easier access than the left ovary, which is blocked by the kidney. An incision of approximately 2 cm was made through the skin, fascia, and abdominal wall, revealing a fat bed that contained the ovary, fallopian tube, and uterine horn. The ovary was identified and externalized. Silk sutures coated with DMBA ͑approximately 110 g/rat͒, were placed through the ovaries of 20 animals; six control animals were given a clean suture and one animal underwent a sham surgery ͑no suture inserted͒. Incisions were closed with surgical staples ͑approximately four per animal͒, and animals were given doses of penicillin and ibuprofen for recovery. One, three, and five months following insertion of the sutures, animals ͑n =8 to 10/group͒ were euthanized and the ovaries from these animals were harvested. Excess fatty tissue was gently removed and the ovaries were rinsed with isotonic saline. Each was pinned to a wax block covered with nonfluorescing fabric. No superficial blood contamination was apparent.
Optical Imaging
A total of 54 harvested ovaries were imaged using a combined OCT/LIF system. Table 1 lists the number and type of ovaries at each timepoint. The combined system has previously been discussed in detail. 23 The OCT subsystem used a superluminescent diode source with a center wavelength of 1300 nm ͑D1399-HP, Superlum, Moscow, Russia͒. The resolution of the OCT subsystem was approximately 18 m lateral and 14 m axial. The LIF subsystem used a helium cadmium laser source operating at 325 nm ͑Kimmon Electric, Englewood, Colorado͒. At this wavelength, both collagen and NADH are efficiently excited. Excitation light was delivered with a single unlensed multimode fiber. Fluorescence was collected using two separate multimode fibers and then directed to a spectrometer equipped with a cooled charge-coupled device ͑CCD͒. The OCT and LIF subsystems were optically combined in a 2-mm-diam side-firing catheter. The OCT beam reached a focus 300 m from the catheter outer envelope; at this depth, the LIF spot size was approximately 1 mm. The excitation light power on the tissue was 0.2 mW, and the radiant exposure was 0.22 J / cm 2 , within American National Standards Institute ͑ANSI͒ maximal permissible exposure levels. Image size was typically set to 5 mm lateral by 1.4 mm deep. LIF data were acquired simultaneously with the OCT images at approximately 5 spectra/ mm in the lateral dimension. A water-based lubricant ͑nonfluorescent͒ was used as a coupling agent between the catheter and the tissue. Multiple images were acquired at 0.25-mm increments across the entire dorsal surface of the ovary; each image required approximately 35 s to obtain. Time from excision of the ovary to the end of the imaging was less than 30 min. Data were acquired by computer and analyzed using Matlab ͑The MathWorks, Natick, Massachusetts͒. Following optical imaging, ovaries were fixed in Bouins, and processed for histological evaluation for confirmation of follicle depletion, and evaluation of neoplastic progression.
Data Analysis
Features such as cysts, follicular remnant degeneration, and fat pads were identified on the OCT images by comparing each OCT image with the corresponding histologic image. The LIF data were grouped based on the type of animal and histologically confirmed pathology ͑normal cycling; sham surgery; clean sutured; contralateral to clean sutured; DMBAtreated normal appearing; DMBA-treated atypical; DMBAtreated neoplastic; and contralateral to DMBA-treated͒. Only spectra corresponding to probe positions within approximately one-half the distance from the center of the ovary to the edge were analyzed, because of the curved surface of the ovary and the large LIF spot size. Spectra from fatty tissue and ovarian cysts were also eliminated, so the analyzed regions were dominated by normal or abnormal stroma. At our excitation wavelength of 325 nm, the observed signal was characterized by peaks near 390 and 450 nm, which are generally associated with collagen and NADH fluorescence, respectively, and a dip at 420 nm, generally associated with hemoglobin absorption. The ratios of these three wavelengths were plotted and compared between several of the LIF data groups. Analysis to determine a level of statistical significance between the groups was performed using the Student's t-test. Since the LIF spectra are highly overlapping, N in the statistical analysis was chosen to be the number of ovaries per group.
Results and Discussion
Histological Appearance of Ovaries
Ovarian follicle counts from a representative cycling control ovary, erratically cycling VCD-treated ovary ͑day 102͒, and ovary 1-month post-DMBA treatment ͑day 239͒ are displayed in Table 2 . The follicle counts indicate that the animals were nearly follicle deplete when they demonstrated erratic cycles. All animals were completely follicle deplete at the time of imaging and euthanasia. The presence of a single corpus luteum in the 1-month post-DMBA ovary suggested that the rat recently cycled its final oocyte. We confirmed histologically that VCD treatment ͑160 mg/ kg for 20 consecutive days͒ produced complete follicle depletion in all animals within 8 months of the onset of dosing.
The follicle deplete VCD-treated ovaries were visually much smaller than cycling ovaries ͑1 to 2 mm compared to 3 to 4 mm in diameter͒ and no longer had the grape clusterlike appearance of the normal cycling ovary. There were four types of control ovaries ͑contralateral to DMBA suture, clean suture, contralateral to clean suture, and sham surgery͒. At one and three months, there was no histologically identifiable difference between the ovaries contralateral to the DMBA and clean suture. However, at five months, two ovaries contralateral to DMBA-sutured ovaries displayed neoplasms. This finding suggests that systemic DMBA contamination or peritoneal seeding may be occurring. The ovaries that had a clean suture inserted exhibited a mild histological immune response ͑fibrosis and macrophages around the suture͒. Sham surgery ovaries were histologically normal.
In general, the ovaries implanted with a DMBA suture were much larger than any of the control ovaries ͑except one of the neoplastic contralateral to DMBA-sutured ovaries͒. Ovarian atrophy was a common feature in the ovaries from all VCD-treated rats. However, necrosis of the granulosa cells was more prominent in the DMBA-treated ovaries, which may be a result of the DMBA suture insertion. The DMBAcoated suture elicited a chronic immune response stronger than that seen in the clean sutured control ovaries. The area surrounding the suture had fibrosis and many leucocytes and macrophages.
At the one-month imaging time point ͑one month after DMBA suture insertion͒, all of the DMBA-exposed ovaries showed signs of ovarian atrophy. Three of seven ovaries showed some atypical changes but no cancer was seen. In general, the three month DMBA-exposed ovaries had features similar to one-month DMBA-exposed ovaries. A few ovaries had degenerating corpora lutea or luntienized cells. One of the ovaries contained papillary regions and proliferatative areas. The papillary regions were benign but thought to represent preneoplastic changes. Large cysts with areas of proliferation were visible in three ovaries; some of these proliferating regions contained abnormal cells but all were histologically benign.
The five-month DMBA-treated animals showed more abnormalities than the previous timepoints. Three of these ovaries were neoplastic; the histological diagnoses were adenocarcinoma, granulosa-theca cell tumor with some cystadenocarcinoma, and Sertoli-Leydig cell tumor. Granulosa-theca and Sertoli-Leydig tumors are classified as sex cord tumors and are histologically low grade. Sex cord tumors arise from the stromal region of the ovary. Since the DMBA was directly in contact with the stroma, these findings are not unexpected. Our 1-in-3 incidence of epithelial-based tumors ͑the adenocarcinoma͒ is in agreement with a previous study, which found 39% of the cancers induced via DMBA were epithelial based. 15 A summary of the histological classification of the DMBA-exposed ovaries at each time point can be seen in Table 3 .
Optical Coherence Tomography/Light-Induced
Fluorescence Appearance of Ovaries
Normal cycling ovary
A representative OCT image of a normal cycling ovary is shown in Fig. 1͑a͒ . Well-defined structures are seen. A thin bursa and small fluid-filled ͑antral͒ follicles are visualized with OCT. The irregular surface is caused by multiple corpora lutea and could be imaged with OCT. While the penetration depth into the highly scattering ovarian tissue is relatively poor ͑Ͻ1 mm͒, these preliminary studies suggest that OCT can image many of the normal structures of a cycling rat ovary. A histological image from the same ovary can be seen in Fig. 1͑b͒ . The corresponding LIF data are shown in Fig.  1͑c͒ . As expected, two emission maxima are seen near 390 and 450 nm. The magnitude of the 450-nm peak is greater than the 390-nm peak, and the dip at 420 nm is well defined. This suggests that a relatively large amount of NADH and hemoglobin is present in the ovary. The large NADH content is probably due to the dynamic changes that accompany the menstrual cycle and the large number of oocytes that are released per cycle. There is an increase in vascularity in the ovary, especially during estrus. The presence of a 390-nm peak is consistent with the presence of collagen, which is one of the components of the stroma. Fig. 1 ͑a͒ OCT image, ͑b͒ histology section from same ovary, and ͑c͒ corresponding LIF spectra for a cycling rat ovary. The OCT image shows a follicle ͑F͒ and bursa ͑arrow͒, also seen in histology. Horizontal lines at the top of the OCT image are catheter window artifacts. Spectra show a strong 450-nm peak. OCT image 4 ϫ 1.3 mm, histology to same scale. LIF vertical axis is wavelength in nanometers, horizontal axis is lateral distance ͑3.4 mm͒, and grayscale value is emission intensity in au.
4-Vinylcyclohexene diepoxide-treated control ovaries
The follicle deplete control ovaries lacked fluid-filled follicles, and half of the ovaries lacked corpora lutea. In previous studies it was shown that VCD treatment caused weight gain in mice, possibly due to the hormonal changes associated with peri-and postovarian failure status of the animals. It was not surprising that in general, ovaries from VCD-treated animals had more superficial fat than ovaries from cycling rats. No obvious difference was found between OCT image appearance or LIF spectra of the contralateral ovary of clean suture control animals, sham surgery animals, or the contralateral ovary of DMBA-sutured animals at any timepoint ͑except the two neoplasms that developed in the ovary contralateral to the DMBA-sutured ovaries͒. The fibrosis seen histologically in the clean suture ovaries could only be visualized when the image/spectra were taken directly across the suture, suggesting that the inflammatory region was limited to the area around the suture. An OCT image, histological section, and LIF spectra from a typical VCD-treated control ovary ͑con-tralateral to clean suture at 3 months͒ are shown in Figs. 2͑a͒-2͑c͒, respectively. As was typical of the VCD-treated animals, the ovary was very small ͑ϳ1.5 mm diam͒. OCT and histology both show a small amount of fat in the upper right-hand corner. The remaining portion of the ovary in both images is dominated by the stroma, which is the structural portion of the ovary with large collagen content. It appears fairly uniform in the OCT image, showing a rapid exponential decay in intensity as a function of depth.
The LIF spectra from this ovary are dominated by the 390-nm peak, which is indicative of high relative collagen content. This finding is expected, since there should be little metabolic activity in this quiescent ovary. There is also a relatively small amount of vasculature, as seen from the LIF spectra ͑less pronounced dip at 420 nm͒, which was confirmed histologically.
One-month 7,12-dimethylbenz͑a͒anthracene-sutured ovary
An OCT image, histological section, and LIF spectra from a representative DMBA-sutured ovary at the one-month imaging timepoint are shown in Figs. 3͑a͒-3͑c͒ , respectively. In the OCT image, the ovary is enlarged. An interesting disruption in the stroma appears as small hypointense regions different from the appearance of normal fat ͓e.g., as seen in Fig. 2͑a͔͒ . The histological section confirms that this region of stroma contains large-scale follicular remnant degeneration with associated cells with a foamy cytoplasm, consistent with steroid secreting cells found in a corpus luteum. This particular ovary had regions of atypia; the atypia in this and other ovaries was located in the same region as large amounts of follicular remnant degeneration. Figure 3͑c͒ shows LIF spectra with the ratio of 390 -to 450-nm emission intensity being approximately one. In general, at one month the atypical ovaries ͑n =3͒ showed a relative increased magnitude of 450-nm emission compared to the VCD-treated control ovaries, which would suggest a Fig. 2 ͑a͒ OCT image, ͑b͒ corresponding histology section, and ͑c͒ corresponding LIF spectra for a follicle deplete control rat ovary. The OCT image shows fat ͑Fa͒ and stroma ͑S͒, also seen in histology. Spectra show a strong 390-nm peak. OCT image 5 ϫ 1.3 mm, histology to same scale. LIF vertical axis is wavelength in nanometers, horizontal axis is lateral distance ͑4.4 mm͒, and grayscale value is emission intensity in au. Fig. 3 ͑a͒ OCT image, ͑b͒ corresponding histology section, and ͑c͒ corresponding LIF spectra for one-month DMBA-treated atypical rat ovary. The OCT image shows many small hypointense regions corresponding to follicular remnant degeneration in histology. Spectra show similar intensities at 390 and 450 nm. OCT image 5 ϫ 1.3 mm, histology to same scale. LIF vertical axis is wavelength in nanometers, horizontal axis is lateral distance ͑4.4 mm͒, and grayscale value is emission intensity in au.
relative increase in NADH and thus a more metabolically active or more cellular ovary. An increase in metabolic activity is common in atypical tissue.
Three-month 7,12-dimethylbenz͑a͒anthracene-sutured ovary
An OCT image, histology, and LIF spectra from a representative three-month ovary with preneoplasic lesions are shown in Figs. 4͑a͒-4͑c͒ , respectively. In the OCT image, follicular remnant degeneration and disruption of the stroma can be identified by the round, irregularly sized hypointense regions. The size of the hypointense areas increased between the oneand three-month timepoints, suggesting more severe degeneration of the granulosa cells, surrounding empty follicles. Again, locations of atypia corresponded with the follicular remnant degeneration. Visualization of the very small papillary regions and the subcellular indications of proliferation were beyond the capabilities of the OCT system. The LIF data shown in Fig. 4͑c͒ are similar to that seen in the abnormal one-month ovary ͓Fig. 3͑c͔͒. The 390-nm peak is dominant but a strong 450-nm peak ͑relative to the 390-nm peak͒, with a pronounced 420-nm dip is also seen. In general, with both the normal and abnormal ovaries a large amount of variability was seen in the LIF data.
Five-month 7,12-dimethylbenz͑a͒anthracene-sutured ovary
At the five-month timepoint, three of the ovaries had solid and/or cystic malignant tumors. In the representative OCT image presented in Fig. 5͑a͒ , the ovary contained multiple hypointense regions. The small, regular-appearing hypointense regions on the surface of the ovary were easily identified as fat due to their characteristic appearance, and the large subsurface hypointense regions were identified as cysts. Cysts typically have clear proteinaceous contents, and therefore appear as well-defined hypointense regions on OCT images. These identifications were in agreement with the corresponding histologic section ͓Fig. 5͑b͔͒. This ovary had invasive cancer arising from both the Sertoli-Leydig cells in the stroma and from the epithelial cells in the lining of the cyst. Histology of the stromal region showed many active and dividing cells. While this ovary clearly appeared abnormal in the OCT image, it could not be identified as neoplastic, since the markers of neoplasia ͑e.g., abnormally large or irregular nuclei͒ are not identifiable with conventional OCT systems.
Therefore, it appears that OCT may be of use in identifying abnormal-appearing ovaries, but by itself cannot make a determination of atypical changes or neoplasia. New developments such as molecularly targeted scattering contrast agents 39, 40 or image processing techniques such as texture analysis 41 may enable this discrimination. The corresponding LIF spectra ͓Fig. 5͑c͔͒ have two distinct shapes of spectra. On the left side of the ovary, the 450-nm peak is dominant. Although this region contains rela- tively small cysts, it is primarily composed of neoplastic stroma. It is expected that during rapid cellular proliferation of neoplastic tissue, NADH levels would be high and the relative intensity of the 450-nm peak would increase. The spectra from the right side, which corresponds to the large cyst, conversely are dominated by the 390-nm peak. The strong relative intensity of 390-nm emission suggests the presence of collagen or another compound with similar fluorescence emission in the cyst contents. Large cysts consistently produced a strong relative 390-nm emission. Future work will include polarization-sensitive OCT and alternative histological stains to study the distribution and organization of collagen in ovarian cysts. Stromal regions of all neoplastic ovaries demonstrated a characteristically low 390: 450-nm fluorescence emission ratio. The ratios obtained from the three normal-appearing DMBA-treated ovaries at this timepoint were similar to the normal-appearing ovaries measured at one and three months.
Combined Light-Induced Fluorescence Analysis
When analyzing fluorescence emission ratios for the many different groups in this study, it was found that there was no significant time dependence ͑between one, three, and five months͒ in the ratios for VCD-treated control ͑contralateral to clean suture and sham surgery͒; DMBA-treated normal; or DMBA-treated atypical ovaries. Therefore, LIF data from all of the timepoints were combined into five groups: 1. cycling animals, 2. VCD-treated controls, 3. DMBA-treated normal, 4. DMBA-treated atypia, and 5. DMBA-treated cancer. Although there was no statistically significant difference between LIF emission ratios for all the types of non-neoplastic control ovaries, only the contralateral to clean suture and sham surgery ovary data are included in group 2, to minimize variability in the data and to assure that the control ovaries were completely normal. As mentioned earlier, only stromal regions were analyzed; cystic and fat-dominated regions were excluded. The ratios of fluorescence emission intensity at 390: 450 nm and 420: 450 nm for the five groups are displayed in Fig. 6 .
In cycling ovaries, the average 390: 450-nm emission ratio is approximately 1, suggesting similar contributions to the fluorescence spectra of both collagen and NADH. This result is dramatically different from the collagen-dominated spectra characteristic of the VCD-treated control ovary ͑average 390: 450-nm ratio nearly 2͒. The low average 420: 390-nm ratio of the cycling ovary suggests a higher concentration of hemoglobin compared to the VCD-treated ovary. Both the 390: 450-nm and 420: 450-nm ratios are statistically significantly different ͑p Ͻ 0.05͒ between these two groups.
The average 390: 450-nm ratio is smaller in the DMBAtreated cancer group compared to the other VCD and VCD-DMBA-treated groups. The difference was statistically significant ͑p Ͻ 0.05͒ between VCD control and DMBA-treated cancer groups. Interestingly, there is little difference in either emission ratio between the DMBA-treated cancer and the normal cycling animals. This may be due to the fact that both ovaries are metabolically active, therefore LIF is unable to distinguish between the two groups. Since the OCT appearance of cycling and malignant ovaries is dramatically different, there is little possibility of confusing the two groups if a dual modality approach is undertaken. Normal appearing and atypical DMBA-treated groups are not statistically different from each other or the VCD-treated controls. While several DMBA-treated atypical ovaries ͑e.g., the ovary in Fig. 3͒ showed a relative increase in 450-nm fluorescence emission, overall the spectra were highly variable, due to the large variation in ovarian tissue. Increased collagen production, due to scar tissue forming in reaction to the suture, may have masked an increase in NADH. In addition, the heterogeneity in vascularity made differentiation based on LIF emission ratios inconclusive. Even with these confounding factors, a clear trend toward decreased 390: 450-nm ratio is noticed as the ovaries progress from normal to atypical to neoplastic. Numbers in this pilot study were small; if a larger number of ovaries were analyzed, the 390: 450-nm fluorescence emission ratios for the atypia group might reach statistical significance when compared to the follicle deplete animals. Previous studies on LIF of human ovaries did not separate normals into pre-and postmenopausal groups, therefore no comparison is possible. However, these LIF results are consistent with our previous studies of cancer in small animals, for example an increase in the 450: 390-nm intensity ratio was seen in colonic adenomas of mice. 42 Our results are also consistent with the macaque study, 37 in which less metabolically active ovaries showed a relative decrease in fluorescence emission at 450 nm.
Future Directions
In this study, we demonstrated the feasibility of using a combined OCT/LIF system to determine the presence of atypical and neoplastic changes in the ovary. Different structures such as cysts, fatty regions, and follicular remnant degeneration were easily identified in the OCT images. There was preliminary evidence from this study that atypical cellular changes might be located in the regions identified by irregularly sized hypointense regions in the OCT images, but OCT could not directly distinguish atypical cells and areas of cancer. The LIF spectra provided information about hemoglobin content as well as the metabolic activity of the ovary, and displayed significant changes between follicle deplete control emission ratios and both cycling and neoplastic emission ratios. Therefore, this study suggested that by utilizing combined OCT and LIF data, it may be possible to distinguish between cycling, follicle deplete, nonatypical, atypical, and neoplastic ovaries. Proof of this capability awaits a larger study. This pilot study also illuminated some limitations in the treatment protocol that will be addressed in larger studies.
The method of DMBA administration produced some unexpected difficulties. Due to the extremely small size of the follicle deplete ovary, the suture was not always placed through the center of the ovary. Introduction of the nondegrading foreign material caused fibrosis around the suture, which increased the collagen content. The surgery itself produced varying amounts of adhesions that needed to be dissected away from the ovary prior to imaging. Although our method successfully produced preneoplastic and neoplastic lesions, injection of the DMBA per Tanaka et al. 43 will be considered for future studies, particularly if the DMBA can be successfully administered between the bursa and surface epithelium, which would allow for direct contact of the DMBA to the surface epithelium. The neoplasms produced using the proposed method would more likely arise from the epithelial cells.
Second, it is known that ovarian cancer incidence increases with age. However, the ovaries in this study had a rapidly and artificially induced ovarian failure and were not from "older" animals. The hormone levels and other factors associated with menopause have been well characterized in this model and closely mimic those of postmenopausal women, but the actual changes that occur in the aging process ͑e.g., repeated injury to the surface epithelium from ovulation͒ may mean that this model is less susceptible to cancers compared to one developed with an older animal. A third limitation is due to our current instrumentation. While the OCT subsystem has high resolution, the LIF has a resolution of approximately 1 mm, and thus is relatively insensitive to small features or regions of abnormality. Improvement of the resolution of the system will increase localization and specificity of obtained spectra, facilitating direct comparison between OCT images and LIF spectra. Additionally, in the future we plan to develop new instrumentation to enable studies in vivo.
Despite the limitations, this animal model will be beneficial for studying ovarian carcinogenesis, testing chemopreventive/therapeutic agents, determining the effect of hormone replacement therapy, and screening technology for the detection of early cancers. In-vivo imaging will be used to follow the ovarian changes in each animal, and will provide valuable information on the development of ovarian cancer, as well as determining the mechanisms of contrast in OCT images and interpreting LIF spectra of ovaries. The subsurface imaging capability of OCT would allow identification of cysts, and potentially, with contrast agents, could image regions of surface epithelial proliferation/neoplasia. The addition of LIF could enhance the differentiation of normal and cancerous regions. OCT/LIF are nondestructive, so imaging could be performed quickly during laparoscopy in any women where the status of the ovaries was questionable. In very high risk women, a diagnostic test could be performed on a yearly or biyearly basis if an acceptable route of access ͑e.g., transvaginal͒ were developed.
